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Abstract 
 
Electron phase microscopy represented by electron holography and Lorentz microscopy, has opened the way to observing a single 
quantized magnetic flux-line – “vortex” – and its dynamical behavior inside superconductors. It was realized by Dr. Akira 
Tonomura and his collaborators by developing a field emission electron microscope and by advancing the technologies for 
visualizing the vortices, for example, low-temperature specimen stage and magnetic-field application system. Electron phase 
microscopy was clarified to be a powerful tool for investigating the flux-line features inside materials and their configurations with 
defects. This paper intends to give a review of the research results on vortex matter physics. 
 
© 2013 The Authors. Published by Elsevier B. V. Selection and/or peer-review under responsibility of ISS Program Committee. 
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1. Introduction 
 
In 1972, it was theoretically investigated that magnetic flux-lines – “vortices” – inside a superconducting thin film 
could be observed by transmission electron microscopy (TEM) [1]. TEM in those days, however, has insufficient 
performance to realize the theoretical prediction, and since then, the observation of vortices has been a dream of 
electron microscopists. In 1992, Dr. Tonomura and his collaborators succeeded in observing vortices of Nb and their 
dynamics by Lorentz microscopy [2, 3] using a 300-kV field emission electron microscope [4]. Their electron phase 
microscopy [5] represented by electron holography and Lorentz microscopy has been improved, and then a 1-MV 
holography electron microscope was developed [6]. As a result of the development, vortices inside high-Tc 
superconductors were also observed [7]. In this paper, as a member of Dr. Tonomura’s research team, the author 
reviews the research results on vortex matter physics. 
 
2. Experimental 
 
To observe the configuration of each single flux-line inside high-Tc superconductors, a 1-MV holography electron 
microscope [6] (Fig. 1) was developed in collaboration with the University of Tokyo and Japan Science and 
Technology Corporation (JST). The 1-MV holography electron microscope made it possible to study vortex matter 
physics of high-Tc superconductors because of its high penetration power, which is more than twice that of the 
previous 300-kV electron microscope [4]. 
To observe superconducting vortices by TEM, low-temperature specimen stage is necessary. Furthermore, to 
clarify the interaction between the vortices and a magnetic field, it is necessary that the direction of the external 
magnetic field applied to the specimen should be adjusted appropriately to the electro-optical axis, crystalline 
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orientation, and morphological orientation of the specimens. To meet that need, direction-free magnetic-field 
application system (Fig. 2a) – with three coil-pairs for generating and controlling an external magnetic field up to 50 
mT in any direction – was developed [8]. The system (Fig. 2b) has twenty-four coils to compensate the deflected 
electron beam by the externally applied magnetic field. All the coils were made of NbTi superconducting wire and 
were cooled down to about 7 K. The coils were covered by three shells for shielding thermal radiation (see, Fig. 2a). 
An example of the beam trajectory (red-line) when horizontal and vertical magnetic fields were applied to a specimen 
simultaneously is shown in Fig. 2c. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. 1-MV field emission 
holography electron microscope. [6] 
Fig. 2. (a) Direction-free magnetic-field application system, (b) s
drawing of coil configuration, (c) electron beam trajectory (red line). [8] 
chematic 
 
The optical system of Lorentz microscopy for observing vortices [2] is shown schematically in Fig. 3. The 
superconducting thin film sample is mounted at 30 – 45  to the electron beam. As vortices are complete phase object 
for electron beam, no contrast is produced in infocus plane. However, an electron beam that passes through the 
magnetic field at the vortices inside the superconductor is deflected slightly, while the other electron beam, which 
penetrates the non-magnetic-field region, is not deflected. When these two electron beams overlap and interfere in an 
out-of-focus plane, the phase modulation produced by the vortices is visualized as globule-like black and white 
contrast that depends on the vortex location. The contrast depends on the polarity of the vortices and defocusing 
direction, namely, over-focus or under-focus, and the intensity of the contrast depends on the defocus distance. The 
experimental setup for observing vortices is similar to that used for observing the domain structure of ordinary 
ferromagnetic materials. For vortex observation, however, coherent electron beam with parallel illumination are 
required because vortices are very small spatially (approximately 100 nm in diameter) and the deflection angle of the 
traversing electron beam is very small (approximately – 10-6 rad). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fi
 
g. 3. Optical system of Lorentz 
microscopy for vortex observation. [2] 
Fig. 4. Lorentz micrographs of vortex lattice, (a) Bi-
2212, (b) Y-123. Both micrographs are in same scale. 
 
For vortex observation of high-Tc superconductors, it is necessary to have a large, uniform and thin flat area, 
because the vortex is a few hundred nm in diameter, and thickness undulation artificially generates an unexpected 
contrast in Lorentz micrographs and a disordered vortex lattice configuration. Observation of Bi2Sr2CaCu2O8+δ (Bi-
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2212) requires samples with an area of 100×100 μm and thickness of 300 – 400 nm, and observation of YBa2Cu3O7-δ 
(Y-123) requires samples with an area of 30×100 μm and thickness of 300 – 400 nm [9]. 
Figures 4a and 4b show typical Lorentz micrographs of Bi-2212 at 25 K and 2 mT and Y-123 at 30 K and 2 mT. 
Tiny globule-like features of black and white contrast indicate single vortices. The vortices in Bi-2212 make triangular 
lattice structure, but the vortices in Y-123 do not. It is considered that the intrinsic pinning force of these materials is 
different; that is, Y-123 has stronger pinning sites inside the materials. 
 
3. Results and discussion 
 
To observe interaction between vortices and practical pinning sites, heavy and high-energy ions (Au15+ at 240 
MeV) were irradiated onto a cleaved Bi-2212 thin film [10] at very low density of about 106 ions/cm2. The irradiation 
angle was 70  to the c-axis of Bi-2212 [7]. Figure 5 shows a typical Lorentz micrograph of the irradiated Bi-2212 film 
at 30 K and 0.5 mT [11]. It is clear that the vortices can be distinguished as two kinds according to their contrast 
features: one kind has a circular shape with higher contrast and the other has an elongated shape with lower contrast 
(which is highlighted by arrowheads in the figure). We confirmed experimentally [11] and theoretically [12] that the 
vortices with lower contrast are trapped along the tilted columnar defects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Lorentz micrograph taken at 30 K and 0.5 mT. 
Arrowheads indicate the vortices with lower contrast. [11]
Fig. 6. Chain structure of vortices, (a) Bi-2212 at 
50 K and 1 mT, (b) Y-123 at 30 K and 0.3 mT. 
 
When the applied magnetic field was tilted, the vortices aligned with the columnar defects remained trapped. Even 
after the applied field was removed, they still remained there, while those perpendicular to the film disappeared. These 
observations vividly showed that the columnar defects are effective for pinning the vortices. However, when the 
temperature was decreased from 35 K to 12 K, the contrast of the trapped vortices changed from elongated to circular. 
That is, the vortices lying along the tilted columnar defects “stood up” perpendicularly to the film [7]. The temperature 
dependence of this change has hysteresis when temperature was increased (15–19 K) or decreased (12–14 K). This 
shows that there were numerous minor atomic-size defects that became effective at lower temperatures. 
Without defects, vortices form a triangular lattice when the magnetic field is applied perpendicularly to the film. 
When the magnetic field is applied obliquely to the layered c-plane, however, vortices form alternate domains of linear 
chains and triangular lattices in Bi-2212 [13] and linear chains in Y-123 [14]. Lorentz micrographs of these chain 
structures of vortices are shown in Fig. 6. In the case of the chain-lattice state of Bi-2212 in Fig. 6a, all the contrast of 
vortices in chain (indicated by arrows) and triangular lattice are the same and are circular. If flux-lines are tilted 
greatly, their contrast must be elongated as in Fig. 5. Mean while, the contrast of vortices of Y-123 in Fig. 6b seems to 
be elongated slightly. To confirm the flux-line configuration in the tilted vortices of Y-123, the applied magnetic field 
was tilted to the c-axis of Y-123 gradually [9]. Examples of the Lorentz micrographs of the vortices in the tilted 
magnetic field are shown in Fig 7. The vortex contrast looks circular (Fig. 7a) when the tilt angle is less than 75 . 
When the angle increases above 80 , the vortices begin to form chains in the vertical direction and the contrast of the 
vortices become elongated with increase of the tilt angle. According to these experiments, we considered that the 
vortices forming chain in Bi-2212 are along interlayer vortices (Josephson vortices) predicted theoretically [15] and 
that the vortices lined up in Y-123 are tilted in the materials. 
Despite the above-described findings, the following questions remain. How do the chain vortices change their 
configuration when the applied magnetic field is perpendicular to the c-axis? Are the interlayer vortices embedded 
inside the thin film? An example of the Lorentz micrograph of interlayer vortices in Y-123 [16] is shown in Fig. 8. 
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Twin-free single-crystalline Y-123 fabricated by focused ion beam (FIB) machine was placed horizontally and cooled 
down to below critical temperature Tc in the horizontal magnetic field. Each line in the micrograph corresponds to an 
individual interlayer vortex. The enclosed magnetic flux of h/2e inside a single line was confirmed by electron 
holography, and other physical properties of the fabricated thin film has not been evaluated. When the applied 
magnetic field parallel to the film plane was increased, the density of vortex lines increased proportionally [16]. The 
contrast features of the interlayer vortices were also studied by simulation [17]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Lorentz micrographs of vortices in tilted  in 
Y-123 film at 30 K and 0.3 mT, (a) 75 , (b) 84 . [9] 
Fig. 8. Interlayer vortices in Y-123 ab-plane film 
thicker than 400 nm at 68 K and 0.4 mT. [16] 
 
4. Summary and prospect 
 
The dream of microscopists to observe quantized magnetic flux-lines inside the superconductors was realized. The 
challenging issues for TEM technology have been solved by Dr. Tonomura and his collaborators. They established 
electron phase microscopy by developing a field emission electron microscope and some experimental equipment. At 
present, for launching as next generation microscope, a new 1.2-MV holography electron microscope is under 
development [18]. This new microscope will be a new tool for elucidating quantum phenomena that often appear on 
microscopic scales. 
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